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Summary
The visual pathway from the retina to the optic tectum
in fish and frogs has long been studied as a model
for neural circuit formation. Although morphological
aspects, such as axonal and dendritic arborization,
have been well characterized, less is known about
how this translates into functional properties of tectal
neurons during development. We developed a system
to provide controlled visual stimuli to larval zebrafish,
while performing two-photon imaging of tectal neu-
rons loaded with a fluorescent calcium indicator, al-
lowing us to determine visual response properties in
intact fish. In relatively mature larvae, we describe re-
ceptive field sizes, visual topography, and direction
and size selectivity. We also characterize the onset
and development of visual responses, beginning
when retinal axons first arborize in the tectum. Sur-
prisingly, most of these properties are established
soon after dendrite growth and synaptogenesis begin
and do not require patterned visual experience or a
protracted period of refinement.
Introduction
The end result of neural development is a set of synap-
tic connections that endow a neural circuit with specific
functional properties. The retinotectal projection in fish
and frogs has been a traditional system for studying
this process (Baier et al., 1996; Fraser, 1992; Hutson
and Chien, 2002), as the topographic map of the visual
field present in the retina is conveyed into the tectum
by the processes of retinal axon pathfinding, tectal cell
dendrite extension, and appropriate synapse formation
between the two populations. This well-defined map-
ping, combined with the experimental accessibility of
these species, has led to a long history of experiments
beginning with Sperry (1963), which have elucidated
the roles of both chemical gradients and synaptic activ-
ity in axonal and dendritic growth processes. Chemical
gradients are believed to set up a coarse initial layout of
the map, by specifying axonal arborization fields, while
patterned synaptic activity could refine this initial map-
ping, by directly affecting axon and dendrite growth
and/or via synaptic plasticity (Ruthazer and Cline,
2004). During this growth period, axonal and dendritic
arbors are highly dynamic (Cline, 2001; Cohen-Cory,
2002; Wong and Wong, 2000), with many branches be-
ing extended and retracted and nascent synapses be-
ing eliminated, which could play a role in such a refine-*Correspondence: sjsmith@stanford.edument. While a number of studies have addressed the
morphological establishment of the retinotectal pro-
jection (O'Rourke and Fraser, 1986; Wu et al., 1999),
electrophysiology has primarily been used to read out
the topography of retinal axons (Schmidt and Buzzard,
1990) or to study properties of synaptic transmission
and plasticity (Aizenman et al., 2003; Engert et al., 2002;
Zhang et al., 2000), rather than visual receptive fields.
Thus, it is not well understood how the extended period
of activity-dependent morphological rearrangements
corresponds with visual response properties of the re-
cipient tectal neurons, which serve as the readout of
the retinotectal pathway.
In fact, the retinotectal projection can serve as a valu-
able system to study the functional maturation of neural
circuits in general. Because the time courses of axon
and dendrite growth as well as synaptogenesis have
been characterized, the tectum provides an opportunity
to correlate the structural establishment of connectivity
with the development of specific functional response
properties. For instance, how long after initial connec-
tivity is established do neurons become active? What
are the first properties to develop? How specific are the
initial synaptic connections, and how do receptive field
characteristics mature as the dendritic arbor grows and
more synapses are formed? Furthermore, understand-
ing how visual properties arise developmentally may
provide insight into how they are computed by the
circuit.
The zebrafish is particularly amenable to these
studies, as the larvae are transparent and the visual
system develops rapidly. Retinal axons begin arborizing
in the tectum approximately 60 hr postfertilization (hpf)
(Stuermer, 1988), and tectal neuron dendrite growth and
synaptogenesis begin around 3 days postfertilization
(dpf), continuing through approximately 7 dpf (Niell et
al., 2004). The first visual behaviors, the startle re-
sponse and tracking eye movements, begin at 3 dpf
(Easter and Nicola, 1996), and by 5 dpf zebrafish begin
to hunt prey (Westerfield, 1993).
In order to measure visual responses in large popula-
tions of tectal neurons during development, we injected
the tectum of larval zebrafish with a fluorescent calcium
indicator. We then presented controlled visual stimuli to
restrained nonanesthetized larvae via a miniature LCD
screen, while performing two-photon imaging of cell
bodies in the tectum to measure the calcium response.
This allowed us to determine receptive field properties,
such as visual topography, receptive field width, and
direction and size selectivity. We determined the time
course of the development of these properties begin-
ning when retinal axons first arborize in the tectum and
found that the retinotopic map of the visual field, as
well as receptive field diameter and direction selectivity,
are close to their mature values soon after visual re-
sponse begins, at a stage when tectal dendrites have
still only formed a small number of synapses. These
properties are not dependent on patterned visual ex-
perience, as this rapid establishment proceeds nor-
mally in larvae raised in darkness. Thus, although
Neuron
942extensive axon and dendrite growth and remodeling s
wcontinue for several more days, we find that there is
llittle evidence for an extended period of receptive field
srefinement and that, instead, most response properties
are well determined from the outset of development.
s
c
fResults
b
oFluorescence Imaging of Neural Calcium
rFluorescent indicators of cytosolic calcium concentra-
ction can provide an indirect measure of neuronal activ-
sity over populations of neurons (Fetcho et al., 1998).
iInjection of OGB1-AM into the tectum of zebrafish lar-
cvae resulted in labeling of a substantial number of cell
Ebodies in one hemisphere, primarily in the periventricu-
clar cell body layer (Figures 1B and 1C). A small number
of cell bodies were also labeled in the neuropil layer, as
twell as a significant background labeling of the neuropil
titself, but individual axons and dendrites could not be
sresolved. We focused our analysis on the periventricu-
(lar neurons, since they are the most numerous cell type
lin the tectum, and their morphological development
vhad been previously characterized. No impairment of
ethe larvae’s health or behavior was observed following
linjections.
rUnanesthetized labeled zebrafish were restrained in
magarose in an imaging chamber that allowed simulta-
nneous two-photon imaging and presentation of visual
tstimuli to the contralateral eye using the image of a
eminiature LCD screen projected onto the side of the
schamber (Figure 1A). Visual stimuli resulted in signifi-
lcant increases in fluorescence in a subset of neurons
u
(Figures 1D–1F and see Movie S1 in the Supplemental
Data available with this article online). These responses
were reproducible and stimulus specific. The time C
course of the fluorescence signal was measured by WFigure 1. Imaging Neuronal Response to Vi-
sual Stimuli
(A) Schematic diagram of configuration to
provide visual stimuli from a miniature LCD
screen while performing two-photon im-
aging.
(B) Drawing of zebrafish visual system,
showing retinal ganglion cell axon (red) and
a tectal cell dendrite (green) projecting into
the tectal neuropil. Blue box shows the re-
gion imaged in (C)–(F).
(C) Fluorescence image of tectal hemisphere
loaded with OGB1-AM. Periventricular cell
body layer is located centrally, and the neu-
ropil is on the upper right. Scale bar, 15 m.
(D–F) Fluorescence change upon presenta-
tion of visual stimulus. Upper right-hand cor-
ner illustrates the stimulus being provided to
the contralateral eye. Vertically moving spots
at different anterior-posterior regions of vi-
sual space activate different groups of neu-
rons from rostral to caudal. Pseudocolor
scale shows fractional change in fluores-
cence intensity relative to an average base-
line image.performing a line scan across individual neurons duringtimulus presentation. As shown in Figure 2A, there
as a rapid rise in fluorescence within 100 ms of stimu-
us onset, followed by a slow decay with a time con-
tant of approximately 1 s.
Images were acquired by alternating stimulus pre-
entation and control frames, at 4 s intervals to allow
omplete recovery of the fluorescence signal between
rames. The response for each neuron was measured
y calculating mean fluorescence intensity in a region
f interest centered on each neuron that was clearly
esolved in the field of view. The changes in fluores-
ence intensity for four neurons that were elicited by a
et of stimuli are shown in Figure 2B. The set of stimuli
n frames 1 to 30, spots sweeping through different lo-
ations in visual space, is repeated in frames 31 to 60.
ach neuron responded reproducibly to a particular
ombination of stimuli.
In order to verify that calcium transients are related
o action potentials in the tectal neurons, we injected
etrodotoxin into the eyecup, which eliminated both
pontaneous and stimulus-evoked calcium transients
Figure 2C.) We also performed simultaneous extracel-
ular loose-patch recording and calcium imaging during
isual stimulation. Figure 2D shows that visual stimuli
voked a burst of action potentials, which was corre-
ated with increases in the fluorescence level. The cor-
espondence between number of spikes fired and the
agnitude of the fluorescence transient for a typical
euron is shown in Figure 2E, which demonstrates that
he relationship was monotonic and approximately lin-
ar and that responses to stimuli evoking only a few
pikes could be reliably detected. Furthermore, this re-
ationship is consistent across neurons and ages (Fig-
re 2F.)
haracterization of Visual Responses at 9 dpf
e initially characterized visual responses in relativelymature 9 dpf fish. At this stage, dendrite growth, axon
Imaging Visual Response Development in Zebrafish
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(A) Time course of response to brief flash. Fluorescence emission filter was removed to show stimulus artifact (visible at 100 ms) to mark
stimulus duration. (B) Fluorescence response to moving spots at different spatial locations for four neurons. Stimuli were provided immediately
preceding odd frames; even frames are control. Identical stimulus sequence was provided for frames 1 to 30 and 31 to 60. Each neuron
responds differently, but a given neuron’s response is repeatable across trials. (C) Tetrodotoxin completely eliminates visually evoked neural
calcium response (ten typical neurons are shown, out of 215 from two fish). (D) Simultaneous extracellular recording (blue) and calcium
imaging (green) demonstrates that fluorescence changes correlate with action potentials. Red squares mark visual stimulus onset (moving
spots at different locations in visual space). (E) Fluorescence change versus number of action potentials fired in response to visual stimuli for
one neuron at 9 dpf. (F) Relationship between fluorescence change and number of action potentials at 84–96 hpf and 9 dpf (n = 5 neurons
each). Error bars represent SEM.rearrangements, and synapse formation have signifi-
cantly decreased relative to the early period of growth
from 3 to 7 dpf, resulting in stable tectal neuron mor-
phology (Niell et al., 2004). We first calculated the re-
gion of visual space that a given neuron responded to,
i.e., the spatial receptive field, by multiplying fluores-
cence responses to 12° moving spots sweeping com-
pletely across x and y coordinates of the visual field
for each given neuron (Figure 3A). This proved more
effective than white noise reverse correlation as a result
of the limited number of stimulus presentations due to
photobleaching and the long time course of the calcium
response, and the nonlinearity in response properties
due to the fact that many neurons responded to both
light and dark stimuli. Figure 3B shows the spatial re-
ceptive fields to moving spots for all neurons in the field
of view, demonstrating that, while many neurons did
not respond at all to these stimuli, many others demon-
strated a strong response that was localized to a subre-
gion of visual space. The diameters of the receptive
fields were relatively large, as shown in Figure 3C, rang-
ing from 12° to nearly the entire field of visual presenta-
tion, with a mean of 40° ± 4° (n = 588 cells in 12 fish).
Figure S1 shows enlarged examples of such receptive
fields with different diameters, amplitudes, and spatial
locations.
Close inspection of Figure 3C shows that cells at the
rostral end of the tectum generally responded to the
anterior portion of the visual field, while cells at the cau-
dal end responded to posteriorly located stimuli. This
is demonstrated explicitly in Figure 3D, which maps the
x coordinate center of a parametric fit to each indivi-
dual receptive field, revealing the rostrocaudal/anterior-
posterior visuotopic map in the tectum, which has beenwell characterized morphologically in terms of the pro-
jection pattern of retinal ganglion cell axons within the
tectum (Baier et al., 1996). Figure 3E shows the relation
between cell body position and receptive field center,
demonstrating a strong correlation, which was consis-
tent across all fish (mean c = 0.79 ± 0.05 slope = 0.85 ±
0.1°/m; n = 588 cells, 12 fish). A corresponding map
of the up/down visual axis is represented in depth, per-
pendicular to the image plane, and thus was not gen-
erally detected in a single section, but could be ob-
served by focusing down through the specimen (data
not shown).
By subtracting sweeps in opposite directions, we
were able to calculate a value for direction selectivity
at each visual coordinate, for neurons that responded
to moving stimuli. An example of a direction-selective
neuron is shown in Figure 4A, demonstrating that such
cells display normal receptive fields, but with signifi-
cantly stronger responses in one preferred direction
and suppressed response in the opposite direction.
The direction selectivity was vector averaged across
the visual field, and the resulting vector magnitude was
used as the direction selectivity index (DSI) for the neu-
ron. As Figure 4B (blue) shows, nearly 50% of motion-
responsive neurons had a DSI > 0.33, corresponding to
a 2:1 direction preference, which is a standard criterion
for direction selectivity. To rule out the possibility that
this selectivity was due to trial-to-trial variability in the
response, we calculated the DSI using shuffled data,
where presentation of stimuli in opposite, rather than
identical, directions were pooled and averaged. Figure
4B (red) shows that for shuffled data almost no neurons
had a DSI > 0.33.
Figure 4C shows the preferred direction for all direc-
Neuron
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Measured with Moving Spots at 9 dpf
(A) Typical spatial receptive field (RF), color-
coded to show response amplitude at a
given point. Traces along margin demon-
strate fluorescence response to spots
sweeping across the given row or column in
direction indicated. Scale bar represents 25°
of visual space.
(B) RFs as in (A) for all neurons measured in
one field of view, superimposed on the neu-
rons’ position in the baseline fluorescence
image.
(C) Histogram of RF diameters.
(D) Anterior-posterior coordinate of RF cen-
ter, as determined by parametric 2D Gaus-
sian fit, for all neurons with significant re-
sponse to moving spots, shows visuotopic
mapping.
(E) Regression fit to RF center versus cell
body position demonstrates the degree of vi-
suotopic correspondence. Scale bar in (B)
and (D), 20 m.tion-selective neurons in one fish. In the region of the o
otectum representing the center of visual space, all di-
rections were represented nearly equally with little indi- t
bcation of spatial organization. However, in the caudal
tectum, which represents the posterior visual field,
wthere was some predominance of selectivity for anterior
motion, i.e., an object moving into the visual field. This B
ais corroborated in Figure 4D, the preferred angle for all
neurons, which shows that all directions were present, s
tbut with a preponderance of anterior-directed motion.
Studies in both the tectum of fish and superior colli- s
sculus of higher vertebrates have demonstrated a size
selectivity, or negative spatial summation, wherein neu- r
trons respond optimally to objects smaller than the re-
ceptive field size and decrease their response to larger d
dor multiple objects even within the region that would
normally elicit a positive response (Vanegas, 1984). We s
stested this for zebrafish periventricular neurons by
flashing stationary spots of varying size in the center of c
tthe visual field. Figure 4E demonstrates this size selec-
tivity, as most cells responded maximally to squares of t
sjust 6° across, with almost no response to objects 50°
across, which was a typical receptive field size as
sshown in Figure 3B. Thus, although tectal cells were
responsive to objects moving anywhere within a rela- a
btively large region of visual space, they could show se-
lectivity for the size and direction of stimuli. r
s
sCluster Analysis of the Tectal Population
sAlthough the above results illustrate the properties of
tneurons that responded to moving stimuli, Figure 3A
tshows that many neurons did not respond to these
tstimuli. We therefore presented a battery of different
dstimuli to fish (see Experimental Procedures), including
bthe 12° moving spots and flashing spots of different
dsizes in the visual field center, both described above;flashing spots at all spatial positions; gratings of vari-us spatial frequencies; full-field arrays of spots of 6°
r 25°, both stationary and moving; an expanding spot
o simulate a looming object; and sustained changes in
ackground intensity.
Figure 5A represents the responses of all neurons
ith cell bodies centrally located in the visuotopic map.
ecause of the large amount of data, a cluster analysis
lgorithm was used to sort neurons into groups with
imilar response properties across multiple stimuli. Al-
hough there was some variability within each group,
etting a threshold of 0.5 within-cluster correlation re-
ulted in five major clusters. Approximately 5% of neu-
ons fell into groups of less than 1% of the total popula-
ion and were thus left as unclassified. Summarizing the
ata by the mean response of each cluster allows some
ata reduction without eliminating all heterogeneity, as
hown in Figure 5B, which also demonstrates that re-
ponses to measurements that were not included in the
lustering (below the dashed line) also segregate with
his clustering. In general, we would not argue that
hese groups have clear-cut boundaries but that they
erve as a method to categorize response types.
The first group corresponds to neurons that had
trong receptive fields as mapped by moving stimuli
nd were direction selective, while group 2 was similar
ut with little direction selectivity. Group 3 showed low
esponse to the moving spot stimuli but responded
trongly to flashing or stationary spots, with less size
electivity and spatial summation than motion-respon-
ive cells. A fourth group was characterized by sus-
ained spontaneous activity in the dark and responded
o other stimuli only inasmuch as they created a sus-
ained decrease in total illumination. Interestingly, they
id not respond to transient full-field decreases (flicker)
ut only to sustained darkness of at least several hun-
red milliseconds. Finally, a sizeable population of cellsdid not respond significantly to any of the stimuli we
Imaging Visual Response Development in Zebrafish
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(A) Receptive field of a neuron selective for rightward motion. Traces along margin demonstrate responses to sweeps in different directions
through all rows and columns, showing strongest responses for rightward motion at all locations. Scale bar represents 25° of visual space.
(B) Histogram of direction selectivity index (DSI) for all neurons responding to moving spots (n = 275 neurons in 12 fish). Blue shows actual
DSI values. Red shows control values using shuffled data.
(C) Map of angle of direction selectivity for all neurons with DSI > 0.33. Preferred direction is encoded both by color (as in [A]) and by angle
of black line, for clarity. Scale bar, 20 m.
(D) Preferred direction of all neurons with DSI > 0.33 (n = 126 neurons in 12 fish).
(E) Response of centrally located active neurons to flashing spots of various sizes. Mean response of all neurons is shown in bold blue (n =
275 neurons in 12 fish).presented. These may represent glia or other nonexcit-
able cells, or neurons for which we have not found a
suitable stimulus.
Development of Visual Properties
In order to characterize the initial establishment of re-
ceptive field properties of tectal neurons, we used the
same battery of stimuli to probe visual responses start-
ing at 60 hpf, when retinal axons have just begun enter-
ing the tectal neuropil. The cluster analysis, which was
verified at 9 dpf (Figure 6F), was used to provide a con-
cise description of the range of tectal responses. The
cluster analysis was performed independently for each
time point, but always using the same parameters for
calculating the correlation between neurons. Summa-
rizing the data by the mean response of each cluster
allowed some data reduction without eliminating all
heterogeneity.
At 60 hpf, no spontaneous or visually evoked re-sponses could be measured. Beginning at 66 hpf (Fig-
ure 6B), we observed responses to large dark stimuli,
as well as spontaneous activity in darkness, in a small
number of neurons, but no spatial receptive fields could
be measured. At 72 hpf, when the lens forms a focused
image on the retina (Easter and Nicola, 1996), over 50%
of neurons responded to visual stimuli. As Figure 6C
shows, these responses grouped into two of the same
clusters that were apparent in the mature neurons, al-
though generally the responses were much weaker. By
78 and 84 hpf (Figures 6D and 6E), the four main re-
sponse types were present in nearly the mature propor-
tions, and most aspects of their selectivity were appar-
ent, despite the fact that dendritic arbor length, as well
as the number of synapses per neuron, are a small frac-
tion of their mature values (Niell et al., 2004).
Other properties that are not dependent on the clus-
ter analysis also developed quite rapidly. Figure 7A
shows a typical map of receptive fields for an 84 hpf
larva, demonstrating that the layout of receptive fields
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(A) Response of all centrally located neurons to a battery of visual
tstimuli. Neurons are sorted into groups 1 to 4 according to results
of clustering algorithm (n = 588 neurons in 12 fish). Unclassified
neurons (n = 24) are not shown. D
(B) Mean response of each cluster to eight stimuli used for cluster-
ing and five additional stimuli below dashed line. Width of column B
corresponds to proportion of cells in the cluster.
m
s
awas already quite similar to that at 9 dpf. A map of
anterior-posterior receptive field center (Figure 7B) p
Tshows that visual topography was already well estab-
lished. In fact, using the correlation coefficient between e
tcell body location and receptive field center as a mea-
sure of topography (Figure 7C) demonstrated that by d
e78 hpf the smoothness of the retinotopic map was in-
distinguishable from that of a mature map. Further- v
bmore, the average receptive field width shows that al-
though receptive fields were somewhat smaller at 72 t
hhpf, their size did not change considerably after 78 hpf
(Figure 7C). These results suggest that the continued o
trearrangement of retinal axons does not result in either
a smoothing of the retinotectal map or more spatially a
nrestricted receptive fields.
The two primary aspects of response selectivity ob- w
sserved in mature neurons, direction and size selectivity,
were also established at this early stage of develop- s
cment. Figure 7D shows that by the time spatial recep-
tive fields could be mapped with moving spots, a signif- 6
ticant fraction already showed direction selectivity,
which gradually increased to near the mature value by o
84 hpf. Likewise, although neurons at 72 hpf still re-
sponded to large (>25°) stimuli (Figure 7E), by 78 hpf zhe neuronal responses were restricted to stimuli much
maller than the total receptive field size.
The most apparent change from the initial period of
eceptive field establishment to the mature responses
escribed above was simply the magnitude of the re-
ponse, or the sensitivity, rather than the selectivity.
owever, one aspect of selectivity that did improve dur-
ng the period of dendritic maturation was the response
o the smallest stimuli. Figure 7E demonstrates that
eurons at 84 hpf responded much less to 6° spots
han 12° spots, and not at all to 3° spots. Similarly, com-
arison of Figures 6D and 6E shows that one of the
rimary characteristics of the non-motion-responsive
luster 3, the strong response to a full field of 6° spots,
as not present at 84 hpf. These changes are all sum-
arized in Figure 7F, which shows the responses to
hese stimuli normalized to their mature values at 9 dpf,
emonstrating that responses to smaller stimuli are
ess developed by 84 hpf than larger stimuli.
The short time course for establishment of these
roperties suggests that patterned visual experience
ay not be necessary. In order to test this, we raised
arvae in the dark up to 84 hpf and compared them with
ge-matched controls. Figure 8A demonstrates that
ark-reared fish develop the normal degree of retino-
opy with appropriate receptive field diameters. Fur-
hermore, direction selectivity arises in a similar propor-
ion of neurons in the absence of moving stimuli (Figure
B). Again, spatial acuity seems to be the only aspect
hat is affected, as the response to small flashing spots
s somewhat decreased (Figure 8C), although these
eaker stimuli could be affected by retinal adaptation
o the dark rearing.
iscussion
y integrating two-photon calcium imaging with a
echanism to provide controlled high-resolution visual
timuli to awake restrained larva, we have developed
method to rapidly determine response properties of
opulations of neurons in vivo during development.
his method has several advantages over traditional
lectrophysiological techniques. After the initial injec-
ion of indicator, which can be performed a significant
istance from the recording site and with no noticeable
ffect on the larvae, the procedure is essentially nonin-
asive. It also allows access to neurons which would
e difficult to reach or isolate with electrodes, such as
he closely packed periventricular neurons studied
ere. We can also study these neurons earlier in devel-
pment than was possible before, allowing us to study
he initial onset of visual responses. Furthermore, im-
ging allows the acquisition of data from hundreds of
eurons simultaneously, resulting in high throughput,
hich allowed us to perform cluster analysis on a large
ample size, as well as giving information about the
patial distribution and topography. Finally, recordings
an be maintained for an extended period of time, often
hr or more, limited primarily by gradual elimination of
he indicator and cellular rearrangements during periods
f rapid growth.
This technique could be particularly valuable for the
ebrafish, which is rapidly becoming a model organism
Imaging Visual Response Development in Zebrafish
947Figure 6. Development of Visual Response
Properties
(A) Timeline of visual system development,
with observation time points in (B)–(F)
marked by green circles. (B–F) Response of
entire population to visual stimuli at five
stages of development. Columns show mean
response of a cluster, with width corre-
sponding to proportion of cells in cluster.
Four main response clusters are already ap-
parent by 72 hpf, with similar properties to
clusters for mature neurons (9 dpf). For each
time point, n = 224–344 neurons from six
fish, except 9 dpf (n = 588 neurons from 12
fish).for visual function and development. A number of reti-
norecipient areas of mostly unknown function have
been identified (Burrill and Easter, 1994), and this method
could provide a means to map out their response prop-
erties. Likewise, mutants in various aspects of the vi-
sual system, from photoreceptor properties to wiring
deficits, as well as behavioral mutants of unknown neu-
rological basis, have been identified (Baier, 2000). In
vivo imaging could help us understand the specific de-
fects in neural function that accompany these muta-
tions.
Despite the fact that the fish retinotectal projection
and the outgrowth of the corresponding tectal cell den-
drites are model systems for the development of neural
circuitry, remarkably little is known about the functional
aspects of this circuit. Even in the adult, the single-unit
visual response properties of periventricular neurons,
which make up over 95% of all neurons in the fish tec-
tum, have not been well characterized except for two
studies by Sajovic and Levinthal (Sajovic and Levinthal,
1982a; Sajovic and Levinthal, 1982b). However, these
studies as well as investigations in the superior collicu-
lus of higher vertebrates suggest that tectal neurons
have response properties that are dramatically different
from the input provided from the retina, and also quitedifferent from classical visual cortex receptive fields.
We find that periventricular neurons in the zebrafish
tectum fit well with these findings. In the relatively ma-
ture tectum, when the period of rapid neurite outgrowth
and synaptogenesis has finished, we used cluster
analysis to delineate four broad categories of responses,
similar to those described by Sajovic and Levinthal.
Two groups respond strongly to moving stimuli over a
relatively large region of the visual field and are distin-
guished from each other by the presence of direction
selectivity. The average receptive field width that we
find for these groups (40° ± 4°) also agrees well with
the value of Sajovic and Levinthal (34°), despite differ-
ences in stimuli and mapping methods. A third group
does not respond to moving stimuli, including isolated
or full-field spots and gratings, but does respond to
stationary stimuli with much less size selectivity. A
fourth group responds only to sustained decreases in
total illumination, with little sign of localization in the
visual field.
Remarkably, we find that most of these response
properties emerge quite early in the development of
tectal circuitry. At 72 hpf, when RGC axons have just
covered the tectal neuropil, and most tectal dendrites
only bear a small number of synapses, half the neurons
Neuron
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(A) Receptive fields (RFs) as mapped with moving spots for all neurons in one field of view at 84 hpf. (B) Map of RF centers at 84 hpf shows
that topographic specificity is already established. (C) Development of topographic specificity and RF widths shows no systematic refinement
after 78 hpf. For each time point, n = 136–212 neurons from six fish, except 9 dpf (n = 588 neurons from 12 fish). (D) Proportion of neurons
with DSI > 0.33 at different developmental stages. (E) Response of neurons to flashing spots of different sizes at developmental stages shows
that electivity against large stimuli is already established at 78 hpf, but there is still a large proportional increase in response to the smallest
stimuli from 84 hpf to 9 dpf. Error bars are not shown for clarity, but all are less than ±0.015. (F) Responses to smaller stimuli of different sizes,
normalized to their mature value, shows a slower development of smaller stimuli. Scale bar in (A) and (B), 20 m. Error bars represent SEM.dendritic arbor length and synapse number will still velopment have suggested. However, this is consistent
Figure 8. Visual Response Properties Are Similar at 84 hpf in Normal and Dark-Reared Larvae
(A) Topography and receptive field (RF) width, relative to normal values at 84 hpf, show no significant difference. (B) Histogram of direction
selectivity shows that dark-reared fish develop normal selective responses. (C) Size selectivity in response to flashing spots demonstrates
slight difference in acuity. n = 6 larvae each, 198 neurons (normal) and 176 neurons (dark-reared). Error bars represent SEM.already display responses characteristic of the mature i
ocircuit. Beyond 78 hpf, just 12 hr after the first visually
evoked responses could be recorded, the topographic t
rmap and receptive field sizes undergo very little refine-
ment. Direction and size selectivity are also similar to t
rthat of mature 9 dpf neurons, despite the fact that thencrease by an order of magnitude before growth tapers
ff at 7 dpf. This suggests that the initial set of func-
ional connections may be quite specific and that neu-
ons do not form a large number of random connec-
ions that are then pruned back through a protracted
efinement process, as many models of retinotectal de-
Imaging Visual Response Development in Zebrafish
949with previous findings that orientation maps (Chapman
et al., 1996) and ocular dominance columns (Crowley
and Katz, 2000) in mammalian visual cortex can de-
velop quite early, and a recent finding in rat barrel cor-
tex (Bureau et al., 2004), showing that columnar input
into layer 2/3 is well organized from the outset, in terms
of both anatomy and sensory receptive fields.
On the other hand, live in vivo imaging of both RGC
axons (Alsina et al., 2001) and tectal cell dendrites (Niell
et al., 2004) shows that growth is characterized by ex-
tension and retraction of many more branches than will
eventually persist, as well as many short-lived accumu-
lations of pre- and postsynaptic markers. There are
several possibilities to explain this contrast between
dynamic morphological turnover and the relatively con-
stant functional properties. It is possible that the syn-
apse formation events observed by imaging do not re-
present fully functional synapses, but perhaps just early
stages of partial synaptic assembly or synaptic con-
tacts that are not capable of neurotransmitter release.
On the other hand, if the synapses are functional, the
effect of aberrant synapses may not be detected be-
cause, although there is a large total turnover of syn-
apses, at any given time the transient pool generally
only represents a fraction of all synapses on the arbor.
A third intriguing possibility is raised by the observation
that there is a progression during Xenopus tectal cell
development from “silent” NMDA-only synapses to
AMPA-mediated transmission (Wu et al., 1996). In this
case, many of the trial synapses would only contribute
to synaptic transmission if their activation matched the
net visual response properties that had already been
established. This would provide a mechanism wherein
trial synapses can be tested for coincident activity
without disrupting the overall receptive field.
However, this initial establishment of these properties
does not appear to be dependent on patterned visual
experience, as larvae raised in the dark show similar
retinotopic receptive fields and direction selectivity.
This is not unexpected for spatial properties such as
retinotopy, as morphological studies have shown that
retinal axons proceed directly to topographic targets,
even under TTX blockade (Stuermer et al., 1990). How-
ever, experiments in Xenopus showing that presenta-
tion of moving bars can induce direction selectivity (En-
gert et al., 2002) have suggested that such stimuli may
be necessary for development of this circuitry. Our re-
sults do not rule out the possibility that such subse-
quent experience could bias development, or even be
required for maintenance of these properties at later
stages, but suggest that it is not necessary for the early
formation of connectivity.
While tectal cells respond to stimuli over a large re-
gion of visual space, their response is optimal to
smaller stimuli, so the acuity of the visual field must still
be maintained in the tectum, at least down to a few
degrees. Therefore, information from many RGCs cov-
ering a large area of the retina is integrated in tectal
cells, but spatial information at the level of a few de-
grees must be maintained at some level of processing
in the tectum, making the retinotopic refinement of
RGC axons important. In fact, the most striking change
in tectal response that we see from 84 hpf to 9 dpf is
an increased sensitivity to these smallest stimuli. Thiscould be a result of improvement of the optics in the
eye, resulting in higher spatial acuity, or it could be that
a larger number of synaptic connections onto a tectal
cell results in more reliable responses. However, it may
be that this increased sensitivity is a result of refine-
ment of retinal input connectivity, acting at a different
stage of processing than integration of the total recep-
tive field. This is supported by the finding that fish
reared in darkness display slightly reduced acuity at
84 hpf.
Knowing the boundary conditions of circuit devel-
opment, in this case the initial response properties
established at the beginning of growth as well as the
eventual endpoint of tectal receptive field development,
provides some insight into the type of developmental
processes involved, including plasticity and specificity
mechanisms. In general, different circuit functionalities
are likely to require different developmental mecha-
nisms for their establishment. In this case, we now
know that tectal cell development is not constrained by
a need to form extremely small receptive fields, but
many cells do need to restrict inputs to a single direc-
tion of motion. Likewise, it is apparent that develop-
ment does not start with an initially random set of syn-
aptic connections that are then modified to produce the
appropriate final connectivity, as models of visual corti-
cal development have often assumed, but that even
from the beginning of development neurons maintain a
configuration wherein the synaptic drive is dominated
by connections that are appropriate to the eventual vi-
sual function.
Experimental Procedures
Larval Injections
Zebrafish embryos were collected and raised according to estab-
lished procedures (Westerfield, 1993) and kept on a 14 hr-on/10 hr-
off light cycle, with light-on synchronized to embryo collection. Bo-
lus injections of Oregon Green 488 BAPTA-1 AM (OGB-1) (Molecu-
lar Probes, Eugene, OR) were performed as described by Brustein
et al. (2003). Briefly, larvae from 60 hpf to 9 dpf were anesthetized
in 0.02% tricaine in fish Ringer’s solution and mounted in 1.2%
agarose. OBG-1 was dissolved at a concentration of 10 mM in
DMSO with 20% pluronic (Molecular Probes) and diluted 10:1 or
5:1 in fish Ringer’s solution, for injection into 9 dpf or 2–3 dpf larvae,
respectively. The dye was pressure injected into the tectal neuropil
through a glass micropipette with a Picospritzer III (General Valve),
in several pulses of approximately 5 psi with 50 ms duration. Larvae
were then removed from agarose and allowed to recover for ap-
proximately 1 hr before being remounted in the imaging chamber.
Imaging and Visual Stimulation
Visual stimuli were generated using custom software written in
Matlab (Mathworks) using the Psychophysics toolbox extension
(Brainard, 1997; Pelli, 1997). Stimuli were presented using a minia-
ture 320 × 240 pixel monochrome LCD screen (CyberDisplay 320,
Kopin Inc.). A colored Wratten Filter 32 (Kodak) directly in front
of the display was used to block green light, in order to prevent
interference with the fluorescence emission of OGB-1. The maxi-
mum luminance of the display after the filter, measured with a Radi-
ance Spectrophotometer, was 120 cd/m2 with a contrast ratio of
60:1. A lens system projected the image of the display onto the
side of the imaging chamber, which consisted of a diffusive filter
3026 (Rosco, Inc., Hollywood, CA) bonded to a coverslip, serving
as a projection screen. Labeled larvae were mounted dorsal side
up in 1% agarose on the edge of a raised platform in the imaging
chamber, allowing an unobstructed view of the projected image
on the side of the chamber, while permitting the objective to be
Neuron
950positioned above the tectum for imaging (Figure 1A). The projected
image was approximately 5 mm vertically by 7 mm horizontally, and
larvae were positioned 3.5 mm away from the screen, resulting in
a visual field of approximately 70° by 90°. The LCD and lens system
was positioned on an x-y translation mount to allow centering of
wthe projected image in front of the fish’s eye. Larvae were not anes-
dthetized during imaging, as the agarose was sufficient to restrain
athem and prevent eye movements.
dImaging of OGB-1 fluorescence in the tectum was performed
twith a custom built laser-scanning two-photon microscope, based
ron a Mira-900 Ti-Sapphire pulsed laser (Coherent, CA) tuned to 920
anm, using a long-working distance water immersion objective (40×,
0.8 NA; Zeiss). Data acquisition utilized custom software (N. Ziv,
rTechnion Haifa). Visual stimuli of 0.5–1 s duration were presented
limmediately before beginning a frame scan, with one control (no
ostimulus) frame between each stimulus frame. Approximately 1 s
wwas required to scan a single frame, and frames were acquired at
n4 s intervals, which allowed the calcium response to return nearly
tto rest for each control frame (Figure 2C).
tFor extracellular recording, fish were mounted as described
wabove and paralyzed with 10 M d-tubocurarine. A glass micropi-
tpette (resistance z5 M filled with fish Ringer’s solution and 100
r
M Alexa 594 to allow visualization of the tip in fluorescence) with
tAg/Cl wire electrode was inserted into the tectum. Signals were
camplified with a differential amplifier, band-pass filtered at 200–
E3000 Hz, and digitally recorded. A small amount of suction applied
dto the pipette often significantly increased the signal, suggesting
dthat these were essentially loose-patch recordings.
Data Analysis S
Analysis was performed with custom software in Matlab (CMN) and T
OpenView (N. Ziv). Images were median filtered and automatically s
aligned. An average image of all control frames was used to man- h
ually select regions of interest (ROIs) for each neuron in the field of
view, and the total intensity (I) in the ROI was measured at each
time point. The response to each stimulus for each neuron was A
calculated by
W
aDI =
I− Icont
Icont m
S
where Icont was the mean intensity of the cell in the ten control T
frames on either side of the given time point. This sliding baseline s
allowed correction for small levels of photobleaching (generally a
less than 10%) as well as slight shifts in cell position. Values for DI
were averaged across all presentations of a given stimulus.
RIn order to calculate spatial receptive fields in response to mov-
Ring stimuli, we measured the response to 12° diameter spots
Asweeping across the length of the screen at different horizontal and
Pvertical locations, thus pooling the response across an entire x or
y coordinate. We calculated the response at each point on a 6 × 8
Rpixel map by multiplying the response to the horizontal and vertical
sweeps through that location, so R(x,y) = DI(x)DI(y). This is based
Aon the approximation that receptive fields are separable in x and y,
Vas was generally observed in responses to flashed stationary
sspots. Furthermore, maps obtained in this manner agree well with
Amaps generated directly by flashing spots in different locations for
fcells that respond to both stimuli.
tThe radius of the receptive field was based on all points with
R(x,y) > 0.01, although it was not highly sensitive to varying this B
threshold between 0.001 and 0.05. To determine the center of the a
receptive field, each receptive field R(x,y) was parametrically fit to B
a product of two Gaussians V
r
Aexp−(x−xo)
2∕sx
2
exp−(y−yo)
2∕sy
2
B
4
Retinotopy was measured for each map by defining a line along
Bthe rostrocaudal axis of the tectal cell body layer, and each neu-
Aron’s projected distance along this line was used to parameterize
fits position along the axis. Neurons with zero response to moving
spots, or whose receptive fields were too broad to be adequately B
ofit to a product of Gaussians (<20% of responsive neurons), were
not included in retinotopy calculations. NDirection selectivity at each point was computed as
DI+ −DI−
DI+ + DI−
here DI+ and DI− are the sweeps in opposing directions (up versus
own, and left verus right) through a given spot. Up versus down
nd left versus right were treated as two vector components of the
irection selectivity, and the magnitude of vector sum of the direc-
ion selectivity at all points in the visual field, divided by the total
esponse at all points, determined the direction selectivity index for
neuron.
Clustering was performed by generating for each neuron a vector
epresenting its response to eight different stimuli. We then calcu-
ated the correlation coefficient between these vectors for all pairs
f neurons. The two neurons with the highest correlation coefficient
ere combined into a cluster. This process was repeated, joining
eurons into clusters and then merging clusters. The response vec-
or of a cluster was determined by the mean of the response vec-
ors of the individual neurons in the cluster. Clustering was stopped
hen there were no more clusters that were at least 50% correlated
o be merged. A threshold of 50% was initially chosen a priori as a
easonable value for variability within a cluster but also turned out
o be approximately the rollover point for number of clusters versus
orrelation threshold. Using the correlation coefficient, rather than
uclidean distance, as a measure of similarity made clustering in-
ependent of total response amplitude, allowing us to cluster at
ifferent ages without changing the clustering parameters.
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he Supplemental Data include one supplemental figure and one
upplemental movie and can be found with this article online at
ttp://www.neuron.org/cgi/content/full/45/6/941/DC1/.
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